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Proteins containing a membrane-anchored metalloprotease domain, a disintegrin domain, and a cysteine-rich region (MDC
proteins) are thought to play an important role in mammalian fertilization, as well as in somatic cell±cell interactions.
We have identi®ed PCR sequence tags encoding the disintegrin domain of ®ve distinct MDC proteins from Xenopus laevis
testis cDNA. Four of these sequence tags (xMDC9, xMDC11.1, xMDC11.2, and xMDC13) showed strong similarity to
known mammalian MDC proteins, whereas the ®fth (xMDC16) apparently represents a novel family member. Northern
blot analysis revealed that the mRNA for xMDC16 was only expressed in testis, and not in heart, muscle, liver, ovaries,
or eggs, whereas the mRNAs corresponding to the four other PCR products were expressed in testis and in some or all
somatic tissues tested. The xMDC16 protein sequence, as predicted from the full-length cDNA, contains a metalloprotease
domain with the active-site sequence HEXXH, a disintegrin domain, a cysteine-rich region, an EGF repeat, a transmembrane
domain, and a short cytoplasmic tail. To study a potential role for these xMDC proteins in fertilization, peptides correspond-
ing to the predicted integrin-binding domain of each protein were tested for their ability to inhibit X. laevis fertilization.
Cyclic and linear xMDC16 peptides inhibited fertilization in a concentration-dependent manner, whereas xMDC16 peptides
that were scrambled or had certain amino acid replacements in the predicted integrin-binding domain did not affect
fertilization. Cyclic and linear xMDC9 peptides and linear xMDC13 peptides also inhibited fertilization similarly to
xMDC16 peptides, whereas peptides corresponding to the predicted integrin-binding site of xMDC11.1 and xMDC11.2 did
not. These results are discussed in the context of a model in which multiple MDC protein±receptor interactions are
necessary for fertilization to occur. q 1997 Academic Press
INTRODUCTION Myles, 1993; Myles et al., 1994; Primakoff et al., 1987). The
involvement of fertilin in these events is supported by the
following results: (i) One monoclonal antibody against fer-During the past few years there have been several ad-
tilin blocks sperm±egg fusion, whereas a second one doesvances in our understanding of the molecular mechanism
not; (ii) fertilin is localized to the posterior sperm head, theof vertebrate fertilization. In guinea pigs and mice, a sperm
region where fusion with the egg occurs (Primakoff et al.,protein called fertilin (previously referred to as PH-30) is
1987); and (iii) peptides that correspond to the predictedthought to be involved in sperm±egg membrane binding
integrin-binding domain of fertilin (Blobel et al., 1992) effec-and perhaps also fusion (Almeida et al., 1995; Blobel et al.,
tively inhibit guinea pig fertilization (Myles et al., 1994).1990, 1992; Blobel and White, 1992; Evans et al., 1995;
These results led to the hypothesis that an interaction be-
tween the sperm MDC protein fertilin (an MDC protein
contains a membrane-anchored metalloprotease domain, a1 Present address: Institute of Cellular and Molecular Biology,
disintegrin domain, and a cysteine-rich region) and an inte-Research Laboratories of Schering AG, D-13342 Berlin, Germany.
grin on the egg is a critical event in vertebrate fertilization.2 Present address: Howard Hughes Medical Institute, Dept. Ge-
netics, Harvard Medical School, Boston, MA 02115. Indeed, several integrins are present on vertebrate eggs, and
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antibodies against the a6b1 integrin block fertilization in in X. laevis fertilization. Indeed, we found that peptides
which mimic the predicted integrin-binding sequences ofthe mouse (Almeida et al., 1995). In addition to integrins,
other yet to be identi®ed proteins may function as cell- three of ®ve xMDC proteins inhibited fertilization of X.
laevis eggs, and certain substitutions in one of the inhibi-surface egg-receptors for sperm (for review see Foltz and
Shilling, 1993; Myles, 1993; Snell and White, 1996). In sea tory peptides (xMDC16) eliminated its ability to inhibit
fertilization. These data indicate that amphibian fertiliza-urchin, for example, a membrane-associated egg receptor
for sperm which is related to the hsp70 family of heat shock tion, like mammalian fertilization, may involve one or sev-
eral members of the MDC protein family.proteins has been identi®ed (Foltz and Lennarz, 1990; Foltz
et al., 1993). In frog, star®sh, and mouse, introduction of
exogenous neurotransmitter and growth factor receptors
into eggs and treatment with the appropriate ligand results METHODS
in egg activation, suggesting that yet to be identi®ed endog-
enous egg surface receptors and their ligands may be in- Generation of cDNA sequence tags for xMDC proteins by PCR.
volved in egg activation via similar signaling pathways cDNA sequence tags encoding the partial disintegrin domain of
(Kline et al., 1988; Moore et al., 1993; Shilling et al., 1994; xMDC9, 11.1, 11.2, 13, and 16 were isolated by PCR from X. laevis
Yim et al., 1994). testis cDNA essentially as described (KraÈtzschmar et al., 1996),
using the following two degenerate primers: (a) 5*-GGI-GA(A/G)-The guinea pig sperm protein fertilin was the ®rst recog-
IAI-TG(T/C)-GA(T/C)-TG(T/C)-GG-3*, derived from the conservednized member of a family of membrane-anchored glycopro-
peptide sequence GEECDCG within the disintegrin domain andteins referred to as MDC proteins, which are related to solu-
(b) 5*-GCA-G(T/A)I-(C/T)TC-IG(G/C)-(A/G)AI-(A/G)TC-(A/G)CA-ble snake venom integrin ligands termed disintegrins
3*, derived as an anti-sense primer from the conserved peptide se-(Weskamp and Blobel, 1994) and to snake venom metallo-
quence CDLPE(L/H)C. Comparison of the disintegrin domain ofproteases (Bjarnason and Fox, 1995; Fox and Bjarnason,
xMDC9, 11.1, 11.2, 13, and 16 with the disintegrin domain of other
1995; Rawlings and Barret, 1995). MDC proteins have also known MDC proteins and phylogenetic analysis were performed
been referred to as ADAMs (proteins containing a disinte- using the Megalign program (DNASTAR software, Clustal method,
grin and metalloprotease domain; Wolfsberg and White, PAM Matrix 250).
1996). Snake venom disintegrins are small soluble proteins Cloning and sequencing of xMDC16. The cDNA sequence tag
for xMDC16 was used to screen, under high stringency conditionsthat bind with high af®nity to the platelet integrin gpIIb/
(Blobel et al., 1992), a X. laevis testis cDNA library which weIIIa, thereby competitively inhibiting platelet aggregation
constructed according to the manufacturer's instructions (Stra-(Gould et al., 1990; Huang et al., 1987, 1989; Kini and Evans,
tagene ZAP cDNA Library Synthesis kit; see also KraÈtzschmar et1992; Musial et al., 1990; Scarborough et al., 1993). The
al., 1991). One cDNA clone with an insert of 2467 bp was pickedhomology between the disintegrin domain of the sperm pro-
and sequenced completely (Sequenase; USB, Cleveland, OH) intein fertilin and snake venom integrin ligands gave the ®rst
both orientations by a primer walk, with primers spaced approxi-
indication that fertilin may bind to an integrin on the egg. mately every 250 nucleotides. Analysis of the xMDC16 cDNA and
In addition to fertilin, several additional MDC proteins are translated protein sequence was performed using MacVector se-
expressed in the mammalian testis (Barker et al., 1994; quence analysis software (Kodak IBI, New Haven, CT).
Heinlein et al., 1994; Perry et al., 1994; Wolfsberg and Northern blot analysis. Total RNA was isolated from heart,
liver, skeletal muscle, and ovaries of adult female X. laevis, fromWhite, 1996), and MDC proteins have also been reported in
eggs laid as described below, and from the testis of male X. laevisseveral other tissues and cells (Emi et al., 1993; KraÈtzschmar
(Chomczynski and Sacchi, 1987). Northern blot analysis was per-et al., 1996; Perry et al., 1992; Podbilewicz, 1996; Rooke et
formed under high stringency as previously described (Weskampal., 1996; Weskamp and Blobel, 1994; Weskamp et al., 1996;
and Blobel, 1994), using a random-primed 32P-labeled xMDC16Wolfsberg et al., 1995; Yagami-Hiromasa et al., 1995; Yos-
cDNA as probe. Two separate blots were probed with the xMDC16hida et al., 1990).
cDNA probe, one containing the RNA from testis, heart, muscle,
In the frog Rana pipiens, sperm entry is thought to be and liver and the second containing RNA from testis (as a positive
restricted to the animal hemisphere of the egg (Elinson, control), ovaries, and eggs. For each sample, 15 mg of total RNA
1975), suggesting the presence of a localized sperm receptor. was loaded per lane, and the integrity of the ribosomal RNA was
However, we are not aware that a sperm receptor on frog monitored on a separate gel. As a control the samples were reprobed
with a random-primed 32P-labeled cDNA for X. laevis ®bronectineggs has been identi®ed, or of a mechanism to explain the
(kindly supplied by Drs. D. Alfandari and D. DeSimone). Speci®-localized sperm±egg fusion, or of candidate frog sperm pro-
cally, the blot containing RNA from testis, heart, muscle, and liverteins with a role in fertilization. Here we report the identi-
samples was reprobed with the control probe after removal of the®cation of ®ve distinct MDC cDNA sequence tags from the
xMDC16 probe (Fig. 3, left), whereas for the samples of RNA fromtestis of Xenopus laevis through a PCR-based approach. A
testis, ovaries, and eggs, a second identical blot was prepared andfull-length cDNA clone for one of these proteins, xMDC16,
probed with the control probe (Fig. 3, right).
was isolated and sequenced, and Northern blot analysis re- Peptides. The peptides used in this study matched the pre-
vealed that xMDC16 is expressed in the testis, but not in dicted integrin-binding sequence of each xMDC protein identi®ed,
ovaries, eggs, or the somatic tissues examined (heart, liver, which corresponds to the three amino acid residues found in lieu
and muscle). Our ®nding that MDC family members exist of the snake venom RGD sequence. The peptides also contained
®ve additional amino acid residues from the protein sequence, in-in X. laevis testis suggested that they could also participate
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cluding cysteines at each end in the case of cyclic peptides. Cyclic are expressed in the testis of the African clawed frog X.
peptides were synthesized by the Memorial Sloan±Kettering micro- laevis, using a PCR-based strategy (KraÈtzschmar et al.,
chemistry facility using an ABI 433 peptide synthesis apparatus in 1996). We identi®ed 86 PCR products in the expected size
combination with Fmoc chemistry. The peptides were resuspended range that encoded disintegrin domains of MDC proteins,
at a concentration of 1 mg/100 ml in a solution containing 5%
and a total of ®ve distinct PCR tags could be distinguishedDMSO (Fluka) and 0.01% TFA, and stirred for 6 hr at room tempera-
(Fig. 1A). Phylogenetic analysis using DNASTAR Megalignture in a beaker. The resulting oxidation of the peptides leads pre-
software indicated that four of the sequences may repre-dominantly to intramolecular disul®de bonds between the carboxy-
sent homologues of known mammalian proteins (Fig. 1B).and amino-terminal cysteine residue, although intermolecular di-
sul®de bonds can also form, which would give rise to multimeric These PCR sequence tags have therefore tentatively been
peptides. After oxidization, the peptides were lyophilized and resus- assigned the MDC/ADAM number of their closest mamma-
pended in 0.1% TFA, and monomeric cyclic peptides were puri®ed lian homologue (Huovila et al., 1996). In Fig. 1A, the xMDC
by reverse-phase HPLC on a C18 column (2.01 25 cm; Vidac), which sequence tags are shown as part of an alignment including
allows separation of monomeric from multimeric peptides. The
all of the disintegrin domain sequences that were used forpuri®ed peptides were analyzed by matrix-assisted laser desorption
the phylogenetic analysis. The sequence identity betweenionization time of ¯ight mass spectrometry (PerSeptive Biosystems
the deduced protein sequence of the xMDC9 PCR sequenceVoyager RP) to con®rm the expected molecular weight and to rule
tag and mouse MDC9 is 60.4%, and 75% betweenout the presence of dimeric or oligomeric peptides. Linear peptides
were supplied by Chiron mimotypes (Victoria, Australia) at a purity xMDC11.1 and human MDC11, 59.6% between xMDC11.2
of greater than 95%. and human MDC11, and 74.5% between xMDC13 and
Frog egg preparation and fertilization. Adult wild-type X. mouse MDC13, also referred to as meltrin b (Yagami-Hiro-
laevis were injected with human chorionic gonadotropin (300 to masa et al., 1995). The ®fth cDNA sequence tag did not
400 U) 12 hr prior to obtaining eggs. Where needed, eggs were
show a clear relationship to other known MDC proteinsdejellied by shaking for 1 min in 0.3% b-mercaptoethanol in
and was therefore termed xMDC16 to re¯ect that it is the1/3 modi®ed Ringers (MR), pH 8.8, followed by washing with MR,
16th presently known MDC protein for which a full-lengthpH 6.5, and MR and F1, pH 7.8 (F1 composition in mM: NaCl,
sequence is available (see below). Tissue Nothern blot anal-41.25; KCl, 1.75; Na2HPO4, 0.5; NaOH, 1.9; Hepes, 2.5; CaCl2,
0.25; MgCl2, 0.063; EGTA, 5.0. MR composition in mM: NaCl, ysis with each of the xMDC cDNAs using RNA isolated
100; KCl, 1.8; MgCl2, 1.0; CaCl2, 2.0; Hepes, 5.0). For certain experi- from X. laevis testis, muscle, heart, and liver showed that
ments, eggs were manually stripped of their vitelline coats using xMDC16 was expressed only in testis, and not in the other
®nely tipped watchmaker forceps. Eggs for all experiments were three tissues examined (see below). xMDC11.1 and
used within an hour of release from the female. Fertilization was xMDC11.2 were expressed in testis and less abundantly inscored as the occurrence of the ®rst cleavage, since this was the
heart and muscle, and xMDC9 and xMDC13 were expressedmost accurately measurable indicator of fertilization. A sperm sus-
in testis, muscle, heart, and liver (H. Cai and C. P. Blobel,pension was obtained by mincing approximately 1/8 of a frog testis
manuscript in preparation).in F1. Dejellied eggs were fertilized with egg jelly water-treated
sperm (1:1, egg jelly water:sperm). The treatment of X. laevis sperm
with jelly water is thought to cause the acrosome reaction, as this
Isolation of Full-Length xMDC16 cDNA andtreatment is necessary to allow the sperm to bind to and fuse with
Northern Blot Analysisdejellied eggs. Egg jelly water was isolated by gently washing eggs
in 1/3 MR (2.7 ml 1/3 MR per 1 g eggs) and separating loosened Because of its testis-speci®c expression pattern, thejelly coats by passing the eggs over a nylon mesh. A ®nal concentra-
xMDC16 cDNA was cloned from a X. laevis testis cDNAtion of 10% Ficoll was added and the mixture was subsequently
library (see Methods). The longest xMDC16 cDNA clonefrozen (J. H. Roberts and J. Gerhart, personal communication; see
thus isolated harbored an insert of 2467 bp, and was se-also Heasman et al., 1991).
Peptide treatment of gametes. Between 5 and 10 jelly-intact or quenced completely on both strands using a primer walk
dejellied eggs were incubated in 200 or 400 ml of F1 in the presence strategy. It contained an open reading frame encoding 706
of varying concentrations of peptide dissolved in F1 (0, 0.25, 0.5, amino acid residues (Fig. 2A), which includes seven consen-
and 1 mM), contained within agarose wells. After 15 to 60 min, sus sequences for N-linked glycosylation. Not counting the
the eggs were inseminated. In the case of the dejellied eggs, the
predicted signal sequence, the calculated molecular weightsperm were incubated for 10 min with egg jelly water prior to
of nonglycosylated xMDC16 is 77.37 kDa. Northern blotinsemination. Eggs were incubated, and insemination was carried
analysis with the full-length xMDC16 cDNA as a probeout in agarose-coated petri dishes, which provide a jelly-like surface
for sperm to swim along, as opposed to glass. For certain controls, showed a sharp band of 2.8 kb and a slightly more diffuse
sperm were preincubated with peptide, then washed twice with a band between 2.4 and 2.6 kb in testis, but no detectable
20-fold excess of F1 before addition to eggs that had not been ex- expression in X. laevis heart, muscle, liver, eggs, or ovaries
posed to peptide. (Fig. 3).
xMDC16 contains a metalloprotease domain with the ac-RESULTS tive site consensus HEXXH, and analysis of the hydrophil-
Isolation of Partial MDC cDNA Fragments by PCR icity plot of xMDC16 shows a predicted transmembrane
from Testis domain in a position similar to that in other MDC proteins
(Fig. 2B). However, compared to other MDC proteins,In order to test whether MDC proteins play a role in
amphibian fertilization, we searched for MDC proteins that xMDC16 has a very short cytoplasmic tail. In the region
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sequence of xMDC11.1 and xMDC11.2 proteins had no ef-
fect on X. laevis fertilization at a concentration of 1 mM.
To con®rm that the peptides were not interfering with
binding to the jelly coat, jellied and dejellied eggs were incu-
bated separately in the presence of different concentrations
of xMDC9 and xMDC16 peptides (0.25, 0.5, and 1 mM). In
the presence of 1 mM each speci®c peptide, jellied eggs
were fertilized at rates of 8/35 (xMDC9) and 4/24 (xMDC16)
compared to dejellied egg fertilization rates of 8/35
(xMDC9) and 6/35 (xMDC16), using eggs from three females
for each peptide. Likewise, at the lower concentrations of
0.5 and 0.25 mM, no signi®cant difference in inhibition of
fertilization was seen between dejellied and jellied eggs,
indicating that the peptides were not affecting a fertilization
step involving the jelly coat. The protocol used here to re-
move the jelly coat does not strip the vitelline coat from
the egg. Therefore, we wished to test whether the xMDC16
peptide was interfering with binding to the vitelline coat
or was acting to inhibit interactions between the sperm
FIG. 1ÐContinued and the egg plasma membrane. Vitelline coat-free eggs from
three females were incubated with xMDC16 peptide (1 mM)
and inseminated with jelly water-treated sperm. Only 4 of
24 eggs treated with the peptide underwent cortical contrac-
where fertilin a and meltrin a have a predicted fusion pep- tion after fertilization, compared with 14 of 18 eggs not
tide which can be modeled as an amphipathic helix with treated with peptide. Because eggs without the vitelline en-
about 20 amino acid residues (Blobel et al., 1992; Huovila velope tend to collapse, cleavage was not scored in these
et al., 1996; White, 1992), xMDC16 instead harbors a cluster experiments. These data suggest that the xMDC16 peptides
of only four hydrophobic amino acids, arguing against a role were competing for a sperm-binding site on the egg plasma
of this region as a fusion peptide. A longer hydrophobic membrane and not affecting a fertilization step involving
stretch exists between amino acid residues 495 and 510 of the jelly coat or the vitelline envelope.
xMDC16, the signi®cance of which remains to be deter- Since the fertilization assay uses zygote cleavage as indi-
mined. cator for fertilization, we wished to exclude that the pep-
tides were interfering with a postfertilization event, includ-
ing the ®rst cleavage. Eggs incubated in the presence of 1
Fertilization Is Inhibited by Peptides Containing mM xMDC13 or xMDC16 peptide after insemination were
Predicted xMDC Integrin-Binding Sites not inhibited from cleaving (31/37 eggs from two females
for xMDC16, 8/8 eggs from one female for xMDC13), indi-Guinea pig and mouse fertilization can be inhibited by
cating that the inhibitory effect observed was indeed onpeptides that mimic the predicted integrin-binding domain
fertilization. In order to rule out the possibility that theof fertilin b (Almeida et al., 1995; Myles et al., 1994). To
peptides were acting on the sperm instead of the eggs, spermtest whether one or more of the xMDC proteins reported
were preincubated with peptide and extensively washed tohere may play a role in fertilization, we examined peptides
remove unbound peptides before insemination of the eggs.that mimic the predicted integrin-binding site of xMDC9,
Under these conditions, 59 of 63 eggs were fertilized withxMDC11.1, xMDC11.2, xMDC13, and xMDC16 for their
xMDC16 peptide-treated sperm, and 30 of 32 eggs were fer-ability to inhibit fertilization of X. laevis eggs. Jellied eggs
tilized using xMDC9 peptide-treated sperm, compared towere preexposed for 15 to 60 min to 0.25 to 1 mM concentra-
77/77 eggs for untreated sperm (two males, four females).tions of certain peptides (Fig. 4A), prior to the addition of
One peptide, xMDC16, was selected for a more detailedsperm. Fertilization was scored by counting eggs that under-
analysis of the potential sequence requirements for inhibi-went cleavage after incubation with X. laevis sperm. Incu-
tion. A scrambled peptide containing amino acid residues ofbation of jellied eggs with a 1 mM concentration of the
the predicted integrin-binding site of xMDC16 in a differentpeptides derived from xMDC9, xMDC13, and xMDC16 in-
order (CRMPKTEC changed to CKEMTRPC) and two otherhibited fertilization of X. laevis eggs by close to 80, 100,
control peptides in which the predicted binding sequenceand 80%, respectively, compared to untreated eggs. The
KTE was replaced with the sequence ATA or AAA all failedlevel of inhibition varied with the concentration of the
to block fertilization at concentrations of up to 1 mM (seexMDC9, xMDC13, and xMDC16 peptides, with half-maxi-
Fig. 4B). However, a peptide in which the glutamate residuemal inhibition at a concentration between 0.5 and 0.25 mM
(see Fig. 4A). The peptides mimicking the predicted binding within the KTE motif had been replaced with an alanine to
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family. Phylogenetic comparison of the deduced disintegrin
domain sequence of xMDC proteins to the disintegrin se-
quences of other presently known MDC proteins revealed
the closest homologies between xMDC9 and mouse and
human MDC9, between xMDC11.1, xMDC11.2, and hu-
man MDC11, and between xMDC13 and mouse MDC13,
which is also referred to as meltrin b (Yagami-Hiromasa et
al., 1995).
Because of its apparently testis-speci®c expression pat-
tern, xMDC16 was cloned and sequenced. The deduced
xMDC16 protein sequence contains all protein domains
that are characteristic for MDC proteins (see above), includ-
ing a metalloprotease domain with the catalytic site consen-
sus sequence HEXXH. Although xMDC16 is more closely
related to fertilin a (28.8% sequence similarity) than to any
of the other xMDC proteins reported here, this relatively
low degree of sequence similarity suggests that xMDC16 is
not the fertilin a orthologue.
One of the questions about MDC proteins expressed in
FIG. 2. Sequence and hydrophilicity plot of xMDC16. (A) The
deduced protein sequence of xMDC16 is shown, with the predicted
amino-terminus of each protein domain marked by a vertical bar.
Consensus sequences for N-linked glycosylation sites are marked
with an asterisk, the predicted metalloprotease consensus sequence
is surrounded by a stippled rectangle, and the predicted integrin-
binding sequence (KTEC), found in lieu of the RGD sequence in
snake venom disintegrins, is surrounded by a bold rectangle. (B) A
hydrophilicity plot of xMDC16 was generated using DNASTAR
Protean software.
yield KTA inhibited fertilization as ef®ciently as the KTE
peptide.
FIG. 3. Northern blot analysis of xMDC16. The top shows North-
ern blots of RNA isolated from the X. laevis tissues testis, heart,
liver, and muscle (left) and testis, ovaries, and eggs (right). BothDISCUSSION
blots were probed separately with 32P-labeled xMDC16 cDNA un-
der high stringency conditions (see Methods). The lower left showsIn this study, we report the isolation of ®ve distinct
the same blot as the upper left probed as a control with 32P-labeled
cDNA sequence tags from the testis of X. laevis encoding X. laevis ®bronectin cDNA (kindly provided by Drs. D. Alfandari
MDC proteins that may play a role in X. laevis fertilization. and D. DeSimone), after removal of the xMDC16 probe. The lower
Of these ®ve cDNA sequence tags, xMDC16 was the only right shows a Northern blot of RNA samples that were identical
one not expressed in the somatic tissues examined here, to those shown in the upper right (testis, ovary, and eggs), probed
with the control 32P-labeled X. laevis ®bronectin cDNA.and therefore could encode a testis-speci®c member of the
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testis (see Fig. 1B) is whether these are present on mature xMDC16 peptide, also lacks an acidic amino acid residue
in the predicted binding site.sperm and may thus play a role in fertilization. Even the
more widely expressed MDC proteins may have a speci®c In the fertilization inhibition studies described here, we
used the ®rst egg cleavage as an indicator that fertilizationrole in fertilization, since for example the widely expressed
a6b1 integrin is thought to play a speci®c role in fertiliza- had occurred. In principle, inhibition of fertilization either
could be due to competition of the peptide for a sperm-tion as an egg receptor for sperm (Almeida et al., 1995). To
test for a potential role in X. laevis fertilization of the ®ve binding site on an egg receptor or could result from a partial
activation of the egg, which would then prevent fertilizationxMDC proteins presented here, we performed peptide inhi-
bition studies in a fashion similar to that previously de- from occurring via an egg-induced block to polyspermy.
However, since treatment of eggs with the peptides at thescribed for fertilin b-derived peptides, which can inhibit
guinea pig fertilization (Myles et al., 1994) and mouse fertil- concentrations reported here (£1 mM) did not result in an
observable cortical contraction or envelope elevation, weization (Almeida et al., 1995; Evans et al., 1995). In the
guinea pig and mouse inhibition studies, the inhibitory pep- conclude that the inhibitiory effect was not due to activa-
tion of the eggs. In this context it is interesting to point outtides were designed to mimic the predicted integrin-binding
site of fertilin b, which is the sequence found in lieu of the that RGD-containing peptides can trigger egg activation in
X. laevis eggs (Iwao and Fujimura, 1996), although the exactRGD sequence in snake venom disintegrins (TDE in guinea
pigs, QDE in mice) (Almeida et al., 1995; Blobel et al., 1992; mechanism of this activation remains to be determined.
Based on the peptide inhibition experiments describedEvans et al., 1995; Myles et al., 1994). We found that, of
the ®ve xMDC peptides tested, those corresponding to the above, we propose that fertilization in X. laevis is a
multistep process involving one or more MDC proteins onpredicted binding sequence of xMDC9, xMDC13, and
xMDC16 were capable of inhibiting X. laevis fertilization the sperm, which would bind to a single or several recep-
tor(s) on the egg. The presence of several MDC proteinsin a concentration-dependent manner. For all three peptides
half-maximal inhibition was achieved with peptide concen- in mammalian testis (see arrows in Fig. 1B) would also be
consistent with this idea. Fertilization could then be con-trations between 0.5 and 0.25 mM. The peptides correspond-
ing to the predicted binding site of xMDC11.1 and ceptually similar to the multistep process of leukocyte ad-
hesion, in which different membrane-anchored integrin li-xMDC11.2 did not affect fertilization, suggesting that these
proteins may not play a direct role in fertilization. These gands (ICAM and VCAM) interact with leukocyte and
endothelial integrins to promote leukocyte binding and ex-data are consistent with a possible role for one or several
of the newly identi®ed xMDC proteins in fertilization. If travasation (Springer, 1990, 1994). Since fertilization studies
in mice have provided evidence that an integrin may func-the peptides indeed inhibit fertilization by binding to an egg
integrin, then it will be interesting to determine whether tion as a sperm receptor (Almeida et al., 1995), the sperm
receptor in X. laevis eggs may also be an integrin. Althoughseveral peptides bind to the same receptor or, alternatively,
to different receptors. integrins are expressed in X. laevis eggs (Gawantka et al.,
1992; Joos et al., 1995; MuÈ ller et al., 1993; Whittaker andThe predicted integrin-binding sequence of xMDC16 was
chosen to further de®ne amino acid residues that are im- DeSimone, 1993), it remains to be established which inte-
grin subunits are expressed on the surface of mature X.portant for the inhibitory effect exerted by this peptide. At
a concentration of up to 1 mM, a scrambled peptide, and laevis eggs. The b1 integrin, for example, is apparently not
present on the egg surface (MuÈ ller et al., 1993), and thetwo peptides in which the sequence KTE was changed into
AAA or ATA, did not inhibit fertilization. This result sug- a6 integrin subunit, which has been implicated in mouse
fertilization (Almeida et al., 1995), cannot be detected ingests that the order of amino acids is important, and spe-
ci®cally that the lysine and glutamate residues of the pre- the X. laevis egg and embryo before neurulation (Lallier et
al., 1996). Nevertheless, in principle integrins are attractivedicted binding site are important for inhibition. However,
a peptide in which only the glutamate residue had been candidate sperm receptor proteins since they can act as ad-
hesion proteins and as signal-transducing receptors in cell±replaced with alanine (KTE to KTA) inhibited fertilization
as effectively as the KTE peptide. This result suggests that extracellular matrix and cell±cell interactions (Hynes,
1987, 1992; Ruoslahti, 1991).the acidic glutamate residue does not contribute signi®-
cantly to the inhibitory function of the xMDC16 peptide. In addition to a putative role as integrin ligands, MDC
proteins with a metalloprotease consensus sequenceIn contrast, in RGD-containing integrin ligands, the acidic
aspartate residue is thought to bind to, and then possibly (HEXXH) are also predicted to be functional metallopro-
teases, with a potential role in the release of membrane-displace, a divalent cation in the integrin ligand-binding site
(Bergelson and Hemler, 1995; Lee et al., 1995). Mutagenesis anchored proteins, such as cytokines or cytokine receptors,
or in proteolysis of the extracellular matrix (Basbaum andof the RGD sequences, for example in the snake venom
disintegrin kistrin, has shown that not only the acidic aspar- Werb, 1996). Since proteases can lead to egg activation in
star®sh (Carroll and Jaffe, 1995), it will be interesting totate residue, but also the arginine residue, are critically im-
portant for integrin binding (Dennis et al., 1993). In this determine whether the metalloprotease domain of xMDC
proteins may also have a speci®c function in fertilizationcontext it is interesting to point out that the xMDC13 pep-
tide, which inhibits fertilization as effectively as the and/or activation of the egg.
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FIG. 4. Peptide inhibition of Xenopus fertilization. Jellied eggs were preincubated in the indicated different concentrations of peptides
and then inseminated. The proportion of eggs that underwent the ®rst cleavage were scored as fertilized. The error bars indicate the
standard error of the mean among experiments. The number of experiments is indicated in the table (n), as is the total number of eggs
used for different peptide concentrations. Eggs from a different female were used in each experiment, and the number of eggs per experiment
was usually 8, although as few as 5 eggs or as many as 16 were scored in some instances. (A) Inhibition studies using cyclic (cyclized via
disul®de bond formation, see Methods) and linear peptides corresponding to the predicted binding sequence of different xMDC proteins
(see also Fig. 1A). The sequences of the peptides used here are shown in the table. The linear peptides include three carboxy-terminal
amino acid residues that were determined from longer cDNA clones of the corresponding xMDC genes (H. Cai, J. KraÈtzschmar, and C. P.
Blobel, manuscript in preparation). The ®rst bar stands for 0 mM peptide and is the control for all of the peptide treatments. (B) Inhibition
studies using variants of the xMDC16 peptides, in which individual amino acid residues of the predicted binding site were changed into
alanine residues, and also the results obtained with a scrambled peptide. The number of eggs used for each concentration, the number of
experiments for each peptide, and the sequences of the xMDC16 peptide variants are indicated.
In conclusion, we have identi®ed ®ve xMDC proteins to advance our understanding of the mechanism of verte-
brate sperm±egg membrane interactions.that are expressed in the testis of X. laevis. Peptides corre-
sponding to the predicted integrin-binding domain of three
of ®ve proteins inhibit fertilization, suggesting that xMDC
proteins may play a role in X. laevis fertilization, in a fash-
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